␤PIX (PAK1-interacting exchange factor beta, encoded by ARHGEF7) and PAK1 (p21 activated kinase) are interacting proteins that form a signaling module that mediates a number of cellular activities pertinent to cell migration Koh et al., 2001; Webb et al., 2002) . The interaction of ␤PIX with GIT1 provides a signaling anchor through a GIT1-paxillin interaction; this signaling anchor serves to sequester the complex to adhesions and to the leading edge of migrating cells (Brown et al., 2002; Manabe et al., 2002; West et al., 2001) . This complex plays a pivotal role in adhesion turnover and lamellipodial protrusion during cell migration (Nayal et al., 2006; Webb et al., 2006) . It is thought that the sequestration of PAK1 and ␤PIX to adhesions places the two proteins in proximity to membraneanchored RAC1/CDC42, such that ␤PIX can activate RAC1/CDC42, and activated RAC1/CDC42 can activate PAK1 (Rosenberger and Kutsche, 2006; ten Klooster et al., 2006) . Recent studies have also linked PAK1 to centrosomes, in which it is anchored by the GIT1-␤PIX complex, induces Aurora A phosphorylation, and leads to a crucial check point in mitosis (Zhao et al., 2005) . Although much is known about the functions of these proteins, the phosphorylations that regulate them have not been addressed in a systematic manner.
␤PIX is a member of the DBL (diffuse B-cell lymphoma) family of Rho-GEFs (guanine nucleotide exchange factors) for RAC1/CDC42. The gene encoding ␤PIX, ARHGEF7, located on chromosome 13, has six known splice variants. They are: ␤PIX-a, ␤PIX-b, ␤PIX-bL, ␤PIX-c, ␤PIX-d, and p50 ). The primary 85 kD transcript, ␤PIX-a, is ubiquitously expressed and was first identified as a component of adhesions and a direct binding partner of PAK1 Koh et al., 2001; Manser et al., 1998) . The other splice variants are primarily expressed in the CNS, in which they function in early-stage brain development (Kim et al., 2000; . ␤PIX is also regulated by post-splicing translation dynamics. For example, ␤PIX-bL has an internal ribosome entry site (IRES) within the 5ЈUTR (Rhee et al., 2004) .
␤PIX-a shares 62% similarity with another protein of the ␤PIX subgroup, ␣PIX (encoded by ARHGEF6), which is located on the X chromosome. Major differences between ␤PIXa and ␣PIX isoforms include the presence of an Nterminal calponin homology (CH) domain in ␣PIX. However, recent reports suggest that the ␤PIX-bL translation variant does contain an Nterminal CH domain (Rhee et al., 2004) .
The function of ␤PIX is highly dependent on its binding interactions and on the regulation of key domains. The C-terminal coiled-coil domain is implicated in both ␤PIX dimerization and its translocation to microvillus-like structures and membrane ruffles (Koh et al., 2001) . Additionally, ␤PIX activation of p38 MAP kinase is necessary for p38 translocation to the nucleus and for the formation of ␤PIX-dependent membrane ruffles Lee et al., 2001) . ␤PIX is also required for focal-complex formation and cell migration via its role in regulating FAK and p38 MAP kinase activation . Recently, the proline-rich region in the COOH terminus of RAC1 was shown to interact with the SH3 domain of ␤PIX and thereby target RAC1 to membrane ruffles and adhesions. In brief, at the leading edge of migrating cells, integrin ligation induces ␤PIX activation of CDC42, which activates PAK1. Following PAK1 activation, ␤PIX disassociates and binds RAC1, resulting in localized actin polymerization. In addition, RAC1 and PAK1 compete for binding to ␤PIX, and PAK1 controls the RAC1-␤PIX interaction and adhesioninduced RAC1 activation (ten Klooster et al., 2006) .
Structural studies of the ␤PIX-PAK1 interaction have revealed that, upon PAK1 activation, there is a sixfold decrease in binding affinity (Mott et al., 2005) . Other studies suggest that the kinase activity of PAK1 is also regulated by its interaction with different ␤PIX isoforms: ␣PIX greatly enhances PAK1 activity, ␤PIX has permissive effects and the p50 ␤PIX demonstrates an inhibitory effect on PAK1 activity. This modulation of ␤PIX-dependent PAK1 activity is negatively regulated via an 18-amino acid T1 motif present in ␤PIX, but not in ␣PIX (Feng et al., 2002) . The domain structure of mouse ␤PIX-a includes an N-terminal SH3 domain responsible for its interaction with PAK1 (aa 8-60), the DBL homology (DH) domain (aa 100-279) containing the Rho GEF activity, a plextrin homology (PH) domain (aa 295-400), a PxxP proline-rich region that encompasses the T1 motif (aa 408-493), the GIT1-binding domain (aa 496-555) , and the coiled-coil domain (aa 587-634).
The diverse and highly regulated functions of ␤PIX indicate the importance of phosphorylation in its regulation. Some important sites have already been identified. In PC12 cells, bFGF and NGF induce phosphorylation of ␤PIX on S525 and T526; this phosphorylation results in activation of RAC1 (Shin et al., 2002) . Moreover, inhibition of ERK or PAK2 prevents this ␤PIX-phosphorylationdependent RAC1 activation (Shin et al., 2002; Shin et al., 2004) . In human mesangial cells, endothelin-1 or cAMP activators lead to a PKA-dependent phosphorylation of ␤PIX at residues S516 and T526, resulting in ␤PIX translocation to adhesions and activation of CDC42 (Chahdi et al., 2005) . A recent study demonstrates that FAK can phosphorylate ␤PIX and thereby enhance ␤PIX binding to RAC1 and the translocation of RAC1 to adhesions (Chang et al., 2007) .
The phosphorylation of ␤PIX is also implicated in tumor progression. ␤PIX is phosphorylated via an SRC/FAKdependent signal from the EGF receptor, and this phosphorylation activates the GEF activity of ␤PIX, which leads to activation of CDC42, to complex formation with the E3 ligase CBL and to the subsequent suppression of EGF degradation. This EGF-dependent phosphorylation of ␤PIX is required for viral SRC (v-SRC) transformation, aberrant cell growth and tumor formation in mice (Feng et al., 2006) . ␤PIX, like its interacting partner PAK1, is upregulated in some breast cancer tissues, and promotes tumor growth in MCF-7 breast cancer cells by directly binding to the SH3 domain of PLC␥ and enhancing phospholipase activity downstream of the PDGF receptor signal (Ahn et al., 2003; Bae et al., 2005) .
PAK1, p21-activated kinase, is a serine/threonine kinase involved in cellular activities such as cytoskeletal dynamics, cell migration, neurogenesis, angiogenesis, mitosis, apoptosis and transformation (Jakobi et al., 2001; Kiosses et al., 2002; Manabe et al., 2002; Sells et al., 1997; Tang et al., 1997; Zhao et al., 2005) . PAK1 was originally identified in a Rho GTPase screen, in which PAK1, PAK2 and PAK3 (68, 65 and 62 kD, respectively) were found to bind to GTP-bound forms of RAC1 and CDC42 Manser et al., 1994; Teo et al., 1995) . To date, six different isoforms have been discovered (Jaffer and Chernoff, 2002) . Activation of PAK1 is initiated by the high-affinity binding of the small GTPases, RAC1-3 or CDC42, to the p21-binding domain (PBD/CRIB) (Knaus et al., 1998; Manser et al., 1994) . Additionally, other Rho family GTPases, such as CHP (RHOV), TC10 (RHOQ) and WRCH-1 (RHOU), also activate PAK1 (Aronheim et al., 1998; Neudauer et al., 1998; Tao et al., 2001) .
Structural data show that the PAK1 'off state' is a trans-inhibited homodimer, in which the C-terminal catalytic domain of one kinase is auto-inhibited by the high-affinity binding (K d =90 nM) of the N-terminal regulatory domain of the other kinase (Lei et al., 2000) . A consequence of the anti-parallel dimerization is that the subunits overlap the PBD/CRIB domain and the inhibitory switch, preventing PAK1 activation without RAC1/CDC42 binding. Upon activation, GTPase binding liberates the trans-inhibition and frees the kinase to autophosphorylate T423 and S144 (Parrini et al., 2002; Pirruccello et al., 2006) . In open conformation, prior to modification of the activation loop, PAK1 can phosphorylate substrates and thus resides in an 'intermediate-active' state (Lei et al., 2000; Lei et al., 2005) . In the 'active state' conformation, activationloop trans-phosphorylation is crucial for maintaining the full catalytic activity of PAK1 (Zenke et al., 1999) .
Upon growth factor stimulation (e.g. PDGF), PAK1 translocates to the leading edge of actin-rich protrusions and membrane ruffles, with a concomitant increase in directed cell motility (Dharmawardhane et al., 1997; Sells et al., 1999; Sells et al., 1997; Zenke et al., 1999) . In addition, PAK1 activity also mediates the formation of actin microspikes and the loss of large adhesions and stress fibers in an RAC1/CDC42-dependent manner (Manser et al., 1997) . PAK1 is also involved in neurogenesis, neuronal guidance and non-syndromic mental retardation. A brain-specific mutation of R67C in PAK3, a residue that is crucial for GTPase binding and PAK1 activation, causes this congenital abnormality (Allen et al., 1998; Bienvenu et al., 2000; Boda et al., 2004) . PAK1 interacts directly with an assortment of proteins with differing functions. These proteins include the kinases [e.g. AKT (AKT1), PDK1, PI3K, CDK5, CDC2, SRC, ABL, PKA (PRKACA)] and the adapter proteins [e.g. NCK (NCK1), GRB2, ␤PIX and NESH (ABI3)] (Peri et al., 2003) . NCK binding to PAK1 plays an important role in angiogenesis by coupling bFGFinduced angiogenic signals to the MAP kinase pathway (Hood et al., 2003) . The PAK1-NCK interaction is linked to the TEK (TIE-2) angiopoietin receptor and to endothelial cell motility (Master et al., 2001) . Moreover, in breast cancer epithelial cells, PAK1 activation by heregulin-␤1 upregulates VEGF and the subsequent angiogenic response (Bagheri-Yarmand et al., 2000) .
PAK1 is implicated as a key regulator of cell cycle G1 progression through PAK1-dependent upregulation of cyclin D1 (Nheu et al., 2004; Thullberg et al., 2006) . Moreover, PAK1 also protects cells against intrinsic apoptotic signals. The current model suggests that PAK1 activity leads to a decrease in apoptosis by phosphorylation of BAD on S112 and S136, leading to disassociation of the BCL2-BAD inhibitory complex and to BAD-14-3-3 binding (Schurmann et al., 2000; Tang et al., 2000) . Recently, PAK1 phosphorylation of RAF1 on S338/S339 has been linked to RAF1 translocation to the mitochondria, BAD phosphorylation, RAF1-BCL2 binding and inhibitory complex disassociation (Jin et al., 2005) . Additionally, adhesion-dependent PAK1 phosphorylation of MEK1 on S298 is necessary for active MAPK signalingcomplex formation (Slack-Davis et al., 2003) .
Finally, PAK1 is implicated in tumor progression. PAK1 is overexpressed in breast, colon, ovarian, bladder, pancreas and T-cell lymphoma. Overexpression of PAK1 in cancer cells has been connected to enhanced invasive potential, increased cell motility, drug resistance, angiogenesis and antiapoptotic cell survival (Kumar et al., 2006) . Dominant-negative PAK1 inhibits Ras-induced transformation, whereas active PAK1 induces anchorage-independent growth in breast epithelial cells (Tang et al., 1997; Vadlamudi et al., 2000) .
PAK1
mediates these diverse phenomena through its many substrates. One interesting substrate is the estrogen receptor (ER), which PAK1 phosphorylates on S305 (Wang et al., 2002) . This phosphorylation is believed to be involved in breast tumor growth and tamoxifen resistance (Rayala et al., 2006a; Rayala et al., 2006b ). The repertoire of PAK1 substrates include key regulators in cytoskeletal signaling pathways, such as RAF1, MEK1 (MAP2K1), MLCK (MYLK), MLC (MLC1), LIM kinase (LIMK2), GEF-H1 (ARHGEF2), Rho GDI (ARHGDIA), prolactin, paxillin, GIT1, cortactin, vimentin and filamin A (Bokoch, 2003; Nayal et al., 2006; Webb et al., 2006) . Several kinases have been reported to regulate PAK1. For example, AKT phosphorylates the PAK1 autophosphorylation site, S21, leading to NCK disassociation and increased PAK1 activity (Zhou et al., 2003) . SRC kinases phosphorylate PAK1 on Y131 following CDC42/RAC1 activation (Renkema et al., 2002) . CDK5, ERK2 (MAPK1) and CDC2A all phosphorylate T212 on PAK1 and regulate microtubule dynamics, adhesion signaling and postmitotic spreading of fibroblasts, respectively (Banerjee et al., 2002; Sundberg-Smith et al., 2005; Thiel et al., 2002) . The tyrosine kinase ABL activates PAK1 by phosphorylation (Roig et al., 2000) ; ETK (BMX) of the TEC family also phosphorylates PAK1 (Bagheri-Yarmand et al., 2001) . In vitro studies have identified seven autophosphorylation sites for PAK1. They are: S21, S57, S144, S149, S199, S204 and T423 (Chong et al., 2001) . The primary autophosphorylation sites that control enzymatic activity of PAK1 are S144 and T423, whereas S21, S57, S149, S199 and S204 autophos phorylation sites interfere with the interaction of SH3-PxxP binding proteins such as NCK and ␤PIX (Chong et al., 2001; Zenke et al., 1999) . Phosphorylation of T423 by PDK1 is thought to be required for effective PAK1 activation in vivo (King et al., 2000; Zenke et al., 1999) .
The domain structure of PAK1 includes five N-terminal canonical PxxP SH3-binding motifs and one nonclassical SH3-binding motif. The first PxxP site is responsible for NCK binding (aa 13-21); the second site binds the adaptor protein, GRB2 (aa ~42-50); and the noncanonical PxP site is responsible for ␤PIX binding (aa 182-203) . The p21-binding domain (PBD) is the primary high-affinity binding site for RAC1 and CDC42 (aa 67-113), and encompasses the CRIB (CDC42 and RAC1 interactive binding) domain, which minimally binds RAC1 and CDC42 (aa 75-90). Overlapping this p21-binding domain is the autoinhibitory region (aa 83-149) that regulates activity of the kinase domain (aa 249-529). The remaining Cterminus (aa 530-545) of PAK1 contains a conserved heterodimeric G protein complex binding site for the G ␤ subunit (Leeuw et al., 1998) .
In this study, we used mass spectrometry to generate a map of ␤PIX and PAK1 phosphorylation sites. HEK-293 cells were transiently transfected with either FLAG-␤PIX or FLAG-PAK1 for 48 hours at low expression levels in the presence of 10% serum. To minimize phosphatase activity, the cells were incubated for 30 minutes with peroxovanadate and calyculin A prior to lysis; phosphatase inhibitor cocktails were present during lysis and immunopurification.
To optimize coverage, immunoprecipitates were digested with either trypsin (␤PIX) or a trypsin/chymotrypsin combination (PAK1) and analyzed via C18 column chromatography or enriched for phosphorylation-specific sequences with IMAC chromatography (Schroeder et al., 2005) by nanoflow HPLC interfaced to microcapillary ESI mass spectrometry. For ␤PIX, we analyzed peptides corresponding to 91% of the protein and detected 16 phosphorylation sites.
We analyzed peptides on PAK1 corresponding to 83% of the protein and detected 13 total phosphorylation sites, including nine novel phosphorylation sites.
A summary of the ␤PIX analysis is shown in Fig. 1 . Interestingly, no phosphorylation sites were detected in the SH3 domain, which is responsible for protein binding to the PAK1-PxP binding domain. However, two sites, S71 and S79, were present in the N-terminal spacer region (aa 61-99), between the SH3 and DH domains. Six phosphorylated serines (S131, S135, S145, S146, S192 and S195) reside in the DH/Rho-GEF domain. These phosphorylation sites are positioned to Residues not covered are shaded in gray. Observed phosphorylation sites are red. Red brackets above residues indicate that a phosphorylation site could not be unambiguously assigned to the specific amino acid. In total, 91% of the amino acid sequence and 89% of the Ser, Thr and Tyr sites were covered. A total of 16 phosphorylation sites were identified. (B) Mapping of domains and identified phosphorylation sites. MS/MS-identified phosphorylation sites are labeled. Sites labeled with red text were detected only with the treatment of EGF to cells. Sites within red brackets specify ambiguity between two sites. regulate the GEF activity of ␤PIX. We identified one phosphorylation site, S340, in the PH domain, and the ambiguous site S427/S428 in the PxxP proline-rich region. Phosphorylation sites S498, S516 and Y542 reside within the GIT1-binding domain. Our analyses confirm the phosphorylation previously described at S516; but we did not observe the previously reported phosphorylation on S525 or T526 (Chahdi et al., 2005; Shin et al., 2002; Shin et al., 2004) . These sites either might not be phosphorylated under our conditions, or might be present at levels that we cannot detect or on peptides that we did not observe. The single tyrosine phosphorylation site that we identified, Y542, could serve as a FAK substrate and might play an important role in GIT1 binding and ␤PIX translocation (Chang et al., 2007; Feng et al., 2006) . The C-terminal coiled-coil domain contains three identified phosphorylation sites: S559, S588 and T592. These are likely to be involved in ␤PIX dimerization and translocation to membrane ruffles. Sites S340, T592 and the ambiguous site S427/S428 were identified in EGF-treated cells but not in serum-cultured cells.
The mouse ␤PIXa protein shares 90% identity with the rat species and 86% homology with the human species. Table 1 shows that all phosphorylated ␤PIXa residues that we identified are conserved in the rat, whereas S145 and S195 are not present in the human sequence. ␤PIXa shares 62% identity with ␣PIX; 10 of the 16 detected phosphorylation sites are conserved between the two isoforms ( Table 1) . The conserved S71 might be important for SH3 and/or GEF function, S192 might regulate the RhoGEF domain and S340 might regulate the PH domain. The other conserved sites between ␣/␤ isoforms reside in the PxxP domain, GIT1-binding domain and the coiledcoil domains.
The identified ␤PIXa phosphorylation sites in this study were compared to known consensus kinase phos phorylation motifs (Table 1) . S516 is a consensus phosphorylation site for PKA; this has been confirmed by biochemical determinations (Chahdi et al., 2005) . Some of the other sites also match predicted consensus phos phorylation motifs for known kinases. For example, S71, S79 and S498 are predicted phosphorylation sites for cyclindependent kinase 1 and 5 [CDK1 (CDC2A) and CDK5, respectively). Interestingly, PKA and AKT are predicted to phosphorylate S559, which serves as a binding site for 14-3-3 -a mediator of GEF activity (Tzivion et al., 2006; Zenke et al., 2004) . Considering the interdependence of PAK1 and ␤PIX binding on activity, the S559 docking site for 14-3-3 in ␤PIX could serve as another regulator of its GEF activity. Protein kinase C mu (PKC) is the predicted kinase for S588 phosphorylation.
A summary of our PAK1 analysis is shown in Fig. 2 . We detected nine phosphorylation sites in the regulatory Nterminus of PAK1, including S2, S21 and S57 in the NCK/GRB2 binding region. The close proximity of S57 to the GRB2 PxxP binding site suggests a role in GRB2 binding, similar to NCK disassociation by S21 phosphorylation (Zhou et al., 2003) . Interestingly, we did not detect phosphorylation sites in the CRIB/PBD domain. However, we identified two sites, Y131 and Y142, within the autoinhibitory domain that partially overlaps the CRIB/PBD domain. Y131 is a SRC phosphorylation site in the autoinhibitory domain that regulates the kinase activity of PAK1 (Renkema et al., 2002) . Y142 phosphorylation might also regulate kinase activity via modulation of the inhibitory domain. Several sites are phosphorylated between the inhibitory and kinase domains. They include: Y153, the ambiguous site S155 or S156, S174, T185 and T212. It is possible that phosphorylation of T185 in the ␤PIX-binding domain modulates ␤PIX binding. The C-terminal kinase domain contains three phosphorylation sites -Y285, Y429 and Y464 -that could regulate catalytic function. Some autophosphorylation sites known to be important in PAK1 function, such as S144 and T423, were not identified in this study. One autophosphorylation site, S199, was not covered in our analysis, and another, S204, resides near a protease cleavage site and might have altered its accessibility. S144 and S149 autophosphorylation sites could be affected by their neighboring phosphoJournal of Cell Science 120 (22) Serum-incubated and EGF-stimulated samples were both treated with calyculin A and peroxovanadate to inhibit phosphatases. Phosphorylation sites labeled 'IMAC' were only detected after sample enrichment by immobilized metal affinity chromatography (IMAC). Sites detected without enrichment are denoted with a '+'. 'Not covered' signifies that the residue was not observed during mass spectrometry analysis, therefore phosphorylation status could not be determined. Homologous phosphorylation sites were determined via sequence comparison analysis using FASTA (http://fasta.bioch.virginia.edu/) (Pearson, 1990) . Consensus phosphorylation motifs for putative kinases were analyzed using the Scansite scoring algorithm (http://scansite.mit.edu) (Obenauer et al., 2003) . For additional data regarding ␤PIXa phosphorylation, see the Cell Migration Consortium website: http://www.cellmigration.org. R, rat; M, mouse; H, human. tyrosines Y142 and Y153. Recently, a comparison study between three common phospho-enrichment assays revealed differences in their sets of isolated phospho-peptides, pointing to differing efficiencies of retention using various enrichment methods (Bodenmiller et al., 2007) . Despite these limitations, important known sites (e.g. S21 and S57) along with many novel sites were observed.
Human PAK1 shares 98% and 99% identity with mouse and rat PAK1, respectively. Table 2 shows that all of the residues phosphorylated in human PAK1 are conserved in the mouse and rat sequences. PAK1 shares 77% identity with PAK2 and 81% with PAK3. Seven of the 13 identified residues that are phosphorylated in PAK1 are also present in PAK2 and PAK3 (Table 2) . They include S2, and the autophosphorylation sites S21 and S57; Y131 and Y142 of the autoinhibitory region; and Y429 and Y464 of the kinase domain.
The PAK1 phosphorylation sites identified in this study were compared to known consensus kinase phosphorylation motifs ( Table 2 ). The conserved Y142 site in the autoinhibitory domain is a predicted target for the PDGF receptor. Casein kinase is the predicted kinase for S174 and T185; ERK1 shows preference to sites T185 and T212; and Y464 is the predicted target for the EGF receptor. In addition, Y285 and Y464 are SH2-binding motifs similar to those in LCK and GRB2.
Two sites, T359 and T185, appear likely to be important for ␤PIX function. We tested this by expressing mutant proteins that cannot be phosphorylated on these sites and assaying for protrusion, which is a ␤PIX/PAK1-mediated function. Threonine 359 resides in the kinase domain of PAK1. The regulation of its phosphorylation might directly affect the kinase activity of PAK1. The PAK1 T359A mutation was generated and a GFP fusion protein was transfected into Serum-stimulated samples were treated with peroxovanadate and calyculin A to inhibit phosphatases. Numbered phosphorylation sites marked with (*) represents previously confirmed phosphorylation. Phosphorylation sites labeled 'IMAC' were only detected after sample enrichment by immobilized metal affinity chromatography. Sites detected without enrichment (C18) are denoted with a '+'. Homologous phosphorylation sites among species (R, rat; M, mouse; H, human) and PAK1 isoforms 1-3 were determined via sequence-comparison analysis using FASTA (http://fasta.bioch.virginia.edu/) (Pearson, 1990) . Consensus phosphorylation motifs for putative kinases were analyzed using the Scansite scoring algorithm (http://scansite.mit.edu) (Obenauer et al., 2003) . For additional data regarding PAK1 phosphorylation, see the Cell Migration Consortium web site: http://www.cellmigration.org.
CHO-K1 cells. Protrusion rates were then determined using kymography. Cells containing the T359A mutation showed a 30% reduction in the rate of protrusion when compared to wild-type PAK1 (Fig. 3) . Threonine 185 resides in the ␤PIX-binding domain of PAK1. It might alter ␤PIX binding or affect the structure of the nearby auto-inhibitory domain, resulting in altered PAK1 kinase activity. The non-phosphorylatable PAK1 T185A mutation was generated and a GFP fusion protein was transfected into CHO-K1 cells. Cells containing the T359A mutation showed a 50% reduction in protrusion rates when compared to wild-type PAK1 (Fig. 3) . These preliminary observations confirm the importance of these phosphorylations.
In summary, we have identified a number of potentially interesting phosphorylation sites in ␤PIX and PAK1. Since ␤PIX and PAK1 are important binding partners, these sites should provide a useful starting point for investigating the function and regulation of ␤PIX and PAK1 during migration and other cellular processes.
Materials and Methods
Sample preparation HEK cells were transfected with FLAG-␤PIX or FLAG-PAK1 (100 ng per 100 mm plate; five plates) using lipofectamine. After 48 hours of culture in 10% FBS, cells were incubated with fresh 10% FBS, 1 mM peroxovanadate and 5 nM calyculin A for 30 minutes, and then harvested (25 mM Tris-HCl, 200 mM NaCl, 0.5% NP-40, pH 7.4). The lysates were pre-cleared with mouse IgG-agarose for 1 hour at 4°C and immunoprecipitated with 100 l FLAG-agarose (Sigma) for 1 hour at 4°C. Samples were washed (4ϫ) with 25 mM Tris-HCl, 200 mM NaCl, pH 7.4, and FLAG-tagged PAK1 was eluted by incubating the beads with 0.2 mg/ml FLAG peptide in 25 mM TrisHCl for 20 minutes at 4°C.
Sample analysis FLAG-␤PIXa immunoprecipitates (IP), one from EGF-stimulated cells and one from serum-only cells, were reduced and alkylated with DTT/iodoacetamide in 100 mM ammonium bicarbonate buffer. Samples were digested with 50 ng trypsin and a 2.5% aliquot of the resulting peptides was analyzed by a combination of nanoflow HPLC (C18 column) interfaced to ESI tandem mass spectrometry (LTQ-FTMS, Thermo Electron, San Jose, CA). To obtain better quality MS/MS spectra of highly charged and phosphopeptides, an additional aliquot (6%) of the sample was analyzed by nanoflow HPLC interfaced to electron transfer dissociation (ETD) mass spectrometry (Coon et al., 2005; Syka et al., 2004) . A third aliquot (50%) of the sample was desalted by loading it onto a fused-silica, microcapillary HPLC column (360ϫ100 m) packed with 5 cm of 5-20 m C18 packing material and washing it with 0.1 M acetic acid. The sample was gradient eluted to an Eppendorf tube, solvent was removed on a speed-vac, and the resulting dried peptides were converted to their corresponding methyl esters, enriched for phosphopeptides by IMAC (Ficarro et al., 2002) and then analyzed by nanoflow HPLC interfaced with ESI on a modified LTQ instrument equipped for both CAD and ETD (Coon et al., 2005; Syka et al., 2004) . FLAG-PAK1 immunoprecipitates from 10% FBS conditioned cells were reduced and alkylated with DTT/iodoacetamide in 100 mM ammonium bicarbonate buffer. Samples were subsequently digested with 500 ng trypsin and 500 ng chymotrypsin overnight at room temperature. An aliquot of the resulting peptides was separated by C18 RP-HPLC coupled with nano-electrospray tandem mass spectrometry (LTQ-FTMS instrument, Thermo Electron, San Jose, CA). To enrich for phosphopeptides, a 50% aliquot of the samples was desalted by loading onto a 360ϫ75 m capillary column packed with 5 cm of R3 packing material. This column was then rinsed with 0.1% acetic acid and the peptides were eluted with 70% acetonitrile into Eppendorf tubes. The peptides were dried via speed-vac and then subjected to esterification with methanol followed by enrichment of phosphopeptides via IMAC (Ficarro et al., 2002) . In brief, the phosphopeptides were captured on an IMAC column (360ϫ150 m) at low pressure (1-2 l/minute) and then eluted from the IMAC column directly to a precolumn (360ϫ75 m), which was then butt-connected to an analytical column (360ϫ50 m) and analyzed by nanoflow (50-100 nl/minute) HPLC-MS/MS using a 1-hour gradient. The instrument was operated in the 'top ten' mode, in which the top ten most-intense peaks detected in the FT were selected for CID fragmentation in the LTQ. These ten peaks were then placed on an exclusion list for 30 seconds, enabling greater dynamic range of sample detection. The mass spectra were searched using SEQUEST and TPP-tools (Keller et al., 2005; Nesvizhskii et al., 2003) , with manual verification of all phosphopeptides.
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